We used spatially resolved photoluminescence (PL) and resonant Raman spectroscopy to study the electronic structure of single GaAs nanowires (NWs) consisting of zinc-blende (ZB) and wurtzite (WZ) segments. For narrow ZB segments and stacking faults the energy range of the observed PL peak positions is found to deviate from that of the maxima in resonance Raman profiles. These different energy ranges reflect the fact that the PL recombination is dominated by spatially indirect transitions whereas the resonance enhancement of Raman scattering is caused by direct transitions. Our results provide evidence for the type II band alignment between ZB and WZ GaAs and a coherent picture of all near-band-gap transition energies in GaAs NWs. GaAs nanowires (NWs) are fascinating quasi-onedimensional crystals with a huge potential for application in the field of optoelectronics, e.g., as light-emitting diodes, photodetectors, and other devices [1] [2] [3] [4] [5] [6] [7] . In its bulk form, GaAs crystallizes in the ZB structure. Due to the lower surface energy of the WZ phase and the large surface-to-volume ratio of nanostructures, GaAs NWs may show a pure WZ, a pure ZB, or a mixture of ZB and WZ phases [8] [9] [10] .
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Despite the strong interest in the WZ phase of GaAs, its electronic properties are controversially discussed in the literature, in particular the fundamental electronic band-gap energy (reported values between 1.37 and 1.48 eV) as well as the nature of the lowest conduction band minimum [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, even different temperature dependence of the band gaps in ZB and WZ GaAs were found, resulting in similar band-gap energies at low temperature and a larger band gap for WZ GaAs at room temperature [26] . In many cases, the band-gap energies were extracted from low-temperature luminescence spectra of GaAs NWs. The dominant PL peaks of WZ GaAs were sometimes observed lower and sometimes higher in energy than the ZB band gap. A plausible explanation for this variation is a type II band alignment in GaAs NWs consisting of ZB and WZ GaAs segments [27, 28] . In the corresponding model, the relevant electronic properties of stacking faults (SFs) and narrow ZB insertions surrounded by wider WZ GaAs segments are both approximated by a quantum-well formation in the conduction band only, as discussed by Spirkoska et al. [17] and Jahn et al. [22] . In luminescence experiments, the large carrier diffusion length in GaAs (on the order of 1 μm) leads to the capture of electrons within SFs or ZB insertions followed by their recombination via spatially indirect transitions with holes in the valence band of adjacent WZ material. As a consequence the energies of the effective direct band gaps in such quantum-well structures cannot be directly observed in luminescence experiments. Furthermore, luminescence measurements alone [17, 22] are not sufficient to rigorously prove the type II band alignment between ZB and WZ GaAs.
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In this paper we report PL and resonant Raman experiments on single GaAs NWs containing ZB and WZ segments as well as SFs in wider WZ segments. Similar to optical absorption and in contrast to PL experiments, resonant Raman profiles are dominated by spatially direct transitions [29] . We demonstrate that the combination of position-dependent PL and resonant Raman spectroscopy provides an experimental proof for the type II band alignment in ZB/WZ GaAs heterostructures.
GaAs NWs were grown by molecular beam epitaxy (MBE) directly on a Si (111) substrate, through the Au-assisted vapor-liquid-solid (VLS) mechanism. An oxide-free Si (111) wafer was loaded into the MBE just after an HF dip, which ensures the absence of a SiO x layer on the substrate surface, and annealed at around 630
• C for 20 min before the Au deposition. A 0.6-nm-thick layer of Au was deposited in the growth chamber at 500
• C and annealed for 10 min under As flux at the same temperature. The NW growth was then initiated by opening the Ga shutter, with a beam flux equivalent to 400 nm/h for planar GaAs growth on GaAs (001) substrates, a V/III ratio of 2 and a total growth time of 2 h. Under similar growth conditions high-quality GaAs NWs with predominant WZ crystal phases have already been demonstrated [22, 30, 31] . For the first hour of NW growth, the substrate temperature was kept at 500
• C, then it was ramped down to 360
• C without any growth interruption. Growing at lower temperatures increased the radial growth rate and resulted in an enlargement of the NW diameter, which facilitates the spectroscopic investigations on single, dispersed NWs.
The resulting NWs have an average diameter of around 100 nm at the bottom and around 200 nm in the middle part, are pencil-shaped at their very top, and exhibit a length of 10 μm. However, the sizes and shapes of the NWs were found to vary; mainly, we observed a minimum of 120 nm and a maximum of 220 nm for the diameter in the middle part of the wire, but some wires also showed diameters below 50 nm. Figure 1 (a) shows an scanning-electron microscopy (SEM) image of as-grown NWs.
For the combined PL and Raman experiments, the NWs were removed from the growth substrate by ultrasonication in ethanol and dispersed on a Si substrate with markers for identification under a light microscope. The solution was diluted to achieve single-nanowire measurements. In atomic force microscopy (AFM) measurements the NW, which was used for the resonant Raman and PL experiments, was observed to have a diameter of 110 nm at the bottom, 190 nm at the middle, and 80 nm at the top. A Ti:sapphire ring laser was used for optical excitation in the wavelength range from 730 to 890 nm (1.39-1.69 eV) with a constant power of 3.5 mW. The spectra were recorded with a Horiba T64000 triple monochromator in backscattering configuration at room temperature. The laser beam was focused on the selected NW by a microscope objective which was used for the collection of the PL/Raman light as well. Due to the band symmetry of wurtzite GaAs ( 9 conduction and 7 valance band) [12, 31, 32] , the incoming and outgoing light was chosen to be polarized perpendicular to the z axis [x(y,y)x configuration], where z is the growth axis c [33] . The position of excitation along the NW axis was controlled by a motorized XY stage. The Raman peaks were fitted by Lorentzians and the intensities were determined by peak area integration. The intensity was calibrated using a CaF 2 crystal with a known and constant Raman cross section [29] . Note that the measured PL peaks are dominated by band-to-band recombination since shallow defects are ionized at room temperature (297 K).
To determine the microstructure of the GaAs NWs, transmission electron microscopy (TEM) was performed on a large number of individual wires. All investigated NWs exhibited similar characteristics. Representative TEM micrographs of a single GaAs NW with a diameter of 40 nm are shown in Fig. 1 . At the bottom [ Fig. 1(d) ] the GaAs NWs have wurtzite structure with no or very few isolated SFs. In the middle part of the NW, the predominant crystal structure is wurtzite, whereas the density of isolated SFs increases considerably with respect to that at the bottom [cf. Fig. 1(c) ]. Furthermore, ZB insertions (marked as ZB in the figure) are also detected. These consist of nanometer-sized thin segments of ZB GaAs material. Finally, at the top of the NW there are still signatures of the predominant WZ structure [ Fig. 1(b) ]. We observe a high density of ZB insertions, the total amount of ZB segments is much larger than in the middle part. Additionally, some ZB GaAs areas are defective and exhibit twinning. The twin planes (TP) are marked in the figure. The extent and the defective condition of the ZB segments at the top part of the NW vary slightly from NW to NW. Due to the different microstructure at the top, middle, and bottom part of the NW and taking advantage of the high spatial resolution of the resonant Raman scattering technique (about 0.7 μm), we further analyzed the properties of all three parts of the NW separately.
Combined Raman and PL spectra are shown in Fig. 2 , recorded at different positions along the axis of a single NW. Because of the excitation at a photon energy only 160 meV above the band gap of ZB GaAs, it is possible to observe PL and Raman scattering simultaneously. First-order Raman scattering by transversal optical (TO) and longitudinal optical (LO) phonon modes is observed at 267 and 293 cm −1 , respectively. In addition resonant second-order Raman scattering by two zone-center LO phonons (2LO) leads to a line at 585 cm −1 . The ZB and WZ phase cannot be directly distinguished in the Raman spectra, since the separations between the TO and LO phonon frequencies in both phases are too small to be resolved in the present experiments. Furthermore, the observation of the characteristic E 2 phonon line in WZ GaAs is inhibited by the strong dielectric polarization contrast in the range of photon energies used in the present study [34] . Since there is no difference between the observed TO and LO phonon frequencies and those of bulk GaAs [35] , we conclude that the investigated NWs are free of strain.
The PL bands are observed at photon energies between 1.40 and 1.46 eV. At the bottom and top of the NW, the PL peak energies lie at 1.46 eV (Fig. 2 bottom) and 1.42 eV (Fig. 2  top) , respectively. In these cases very narrow distributions of the PL peak energy are found for excitation at different positions inside the bottom or top region of the NW. In the middle part of the NW, in contrast, the PL peak energy depends strongly on the exact position along the NW axis. In Fig. 2 , we show two exemplary spectra from the middle part of the NW with PL peak energies at 1.40 and 1.44 eV, corresponding to the observed range of variation. In accordance with our previous work [31] , the PL peak energies at 1.46 eV (bottom region) and 1.42 eV (top region) are attributed to band-to-band recombination in ZB and WZ GaAs, respectively. Regarding the bottom region, our assignment is fully consistent with the TEM analysis (cf. Fig. 1 ) whereas we have to assume the resonant Raman scattering to be dominated by relatively wide ZB segments in the case of the top region of the particular NW under investigation. The variation of the PL peak energy in a range from below (1.40 eV) to above (1.44 eV) the band gap of ZB GaAs at the NW center can be explained by the capture of electrons in relatively narrow ZB segments or SFs and their recombination with holes in adjacent WZ segments via spatially indirect transitions [17, 22] , in accordance with the structural information obtained by TEM (cf. Fig. 1 ) for the middle part of our NWs.
To verify our assignments and to obtain further evidence for the type II band alignment in WZ/ZB heterostructures, we use resonant Raman spectroscopy. The obtained resonance profiles (Raman intensity as a function of the photon energy used for excitation) are shown in Fig. 3 for different positions along the axis of a single NW. The efficiency of Raman scattering is enhanced when the energy of the incident (incoming resonance) or emitted (outgoing resonance) light matches the energy separation of the valence and conduction band corresponding to an optically allowed direct transition. The resonance profiles for scattering by TO phonons [see Figs. 3(a), 3(c) , and 3(e)] exhibit only an incoming resonance maximum which is commonly observed for Raman scattering by the deformation-potential mechanism [31, 35, 36] . The resonance profiles for the LO phonon line [see Figs. 3(b) , 3(d) , and 3(f)], in contrast, reveal both incoming and outgoing resonance enhancements (separated by one LO-phonon energy of 36 meV), as expected for Raman scattering induced by the Fröhlich mechanism [12, 31, 35, 36] .
The resonance profiles from the top part of the NW [cf. Figs. 3(a) and 3(b) ] exhibit incoming and outgoing resonance maxima at 1.425 ± 0.001 eV (TO and LO) and 1.460 eV (LO), respectively (see Table I ). This result can be explained 045310-3 The contribution of this component to the PL spectra from the bottom of the NW (see Fig. 2 ) might be suppressed because of the preferential capture of carriers in wider WZ GaAs segments with lower band-gap energy. In accordance with the TEM analysis (cf. Fig. 1 ), the resonance profiles from the center of the NW [cf. Figs. 3(c) and 3(d)] can be explained by a superposition of all components observed at the NWs top and bottom with their characteristic energies given in Table I . Here, the contribution of the thin ZB segments is the strongest one, which might be caused by a stronger resonance enhancement induced by electronic confinement. Most importantly, the effective band gap deduced for thin ZB segments lies always above the fundamental band gap of ZB GaAs as deduced from several additional resonant Raman profiles recorded at different NW positions. This result contrasts our findings from the PL measurements where peak energies below the ZB band gap can be observed (cf. Fig. 2) .
To understand the different behavior in PL and Raman experiments observed for the local ZB/WZ heterostructure formed by thin ZB segments in WZ GaAs, we compare the energy ranges of spatially indirect and direct transitions. The corresponding energy diagram is schematically illustrated for a type II band alignment as described in Refs. [17, 22] . In this framework SFs are considered to behave electronically like the narrowest possible ZB segments [17, 22] . For a specific ZB segment or a SF, the energy difference between an indirect PL transition and a direct transition is always given by the energy offset in the valence band ( E). The corresponding maximal possible energy ranges for direct and indirect transitions are given by [E ZB , E WZ + E]
and [E ZB − E, E WZ ], respectively. The widths of these energy ranges are determined by the confinement energies in the conduction-band quantum wells (QWs) formed by the ZB segments and SFs (see Fig. 4 ) with the upper (lower) limit approximating the case of SFs (wide ZB segments). The particular peak positions and widths observed in either kind of experiment reflect essentially the distribution of the ZB segment width inside the specific optical probing area. Consequently, the different energy ranges observed for the PL transitions and the Raman resonance maxima are consistent with the type II band alignment proposed previously [17, 22] . For the sake of completeness one would have to consider in addition the spontaneous-polarization induced electric fields in the local ZB/WZ heterostructures. The most important impact of such finite electric fields would be a downshift of the energy for indirect transitions [22] , but their energy range would still deviate from that of the direct transitions observed by resonant Raman scattering. On the other hand, assuming alternatively a type I band alignment, the barrier heights for ZB quantum wells would be very shallow, in the range of about 10-30 meV (E WZ − E ZB = 35 meV) for both the conduction and valence band. In this case only one confined quantum-well state is expected in both bands and the energy ranges for PL transitions and Raman resonance maxima would be essentially the same, even in the presence of spontaneous-polarization induced electric fields. Our experimental observations can thus not be explained by the assumption of a type I band alignment. As a consequence, our combined PL and Raman study provides clear evidence for the type II band alignment in ZB/WZ GaAs heterostructures. 
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In conclusion, the investigated GaAs NWs have been found to consist of WZ and ZB segments with the WZ phase dominating at the bottom part and the contribution of the ZB phase increasing towards the top of the NWs. The combination of spatially resolved photoluminescence and resonant Raman spectroscopy has been utilized to provide evidence for the type II band alignment between ZB and WZ GaAs. Furthermore, we confirmed our previous work [31] regarding the band-gap energy of WZ GaAs (35 meV above the band-gap energy of the ZB phase). All relevant energy values have been obtained from single GaAs NWs using the same experimental conditions.
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